Acetylcholine receptors (AChRs) mediate synaptic transmission at the neuromuscular junction, and structural and functional analysis has assigned distinct functions to the fetal (a 2 bcd) and adult types of AChR (a 2 bed). Mice lacking the e-subunit gene die prematurely, showing that the adult type is essential for maintenance of neuromuscular synapses in adult muscle. It has been suggested that the fetally and neonatally expressed AChRs are crucial for muscle differentiation and for the formation of the neuromuscular synapses. Here, we show that substitution of the fetal-type AChR with an adult-type AChR preserves myoblast fusion, muscle and end-plate differentiation, whereas it substantially alters the innervation pattern of muscle by the motor nerve. Mutant mice form functional neuromuscular synapses outside the central, narrow end-plate band region in the diaphragm, with synapses scattered over a wider muscle territory. We suggest that one function of the fetal type of AChR is to ensure an orderly innervation pattern of skeletal muscle.
INTRODUCTION
The functional properties of end-plate channels in mammalian muscle change during postnatal development. With differentiation of the postsynaptic membrane, fetal acetylcholine receptors (AChRs) composed of a 2 bgd subunits are gradually replaced by adult-type AChRs, where the e-subunit replaces the fetal g-subunit (Mishina et al, 1986) . End-plate channel properties change to shorter mean open time and larger conductance with increased Ca 2 þ influx (Sakmann & Brenner, 1978; ; these attributes are essential to preserve functional neuromuscular synapses Missias et al, 1997) . Fetal-type AChRs, however, specified by the g-subunit, were shown to induce spontaneous contractile activity and thereby proposed to promote formation of the postsynaptic membrane specializations and muscle development. This raised the question of whether adult-type AChRs could replace fetal-type AChRs during development (Jaramillo et al, 1988) . Furthermore, AChR activity was suggested to promote myoblast fusion to myotubes (Entwistle et al, 1988) .
To address the issue of whether and how fetal-type AChRs might contribute to muscle innervation and muscle development, we have generated mutant mice in which the fetal g-subunit is replaced by a chimaeric subunit (g e ) with functional e-subunit-like properties (Herlitze et al, 1996) .
RESULTS
The AChRg subunit gene ( Fig 1A) was modified by homologous recombination (Fig 1B) to replace the g-subunit with a subunit composed of the amino-terminal 113 amino acids (aa) of the g-subunit and the carboxy-terminal 382 aa of the e-subunit (Fig 1C) . This chimaeric subunit is referred to as the g e -subunit. Chimaeric mice were generated and mating between heterozygous males and females generated progeny with all three genotypes in a 129/sv/C57BL/6 mixed genetic background (Fig 1D) . Homozygous mice (AChRg (e/e) ) seemed healthy and fertile, and behaved indistinguishably from wild-type littermates.
Expression profiling was made using AChR g-, e-, g e -and a-fragments generated by reverse transcription-PCR (RT-PCR) of total RNA from the skeletal muscle of neonatal mutant (AChRg (e/e) ) and control (C57BL/6) mice (Fig 1E) . At birth, wild-type animals showed pronounced levels of g-and a-subunit transcripts and low levels of e-subunit transcripts, whereas g e -subunit transcripts were not detected (Fig 1E, lane 1) . During the developmentally controlled replacement of fetal-type AChR by adult-type AChR (for a review, see Schuetze & Role, 1987) , the levels of g-and e-subunit-specific messenger RNAs changed in the wild type beginning at postnatal day 6 (P6), with an increase in e-subunit mRNA and a decline in g-subunit transcripts. The a-subunit transcript levels remained constant ( Fig 1E, lane 2) . AChRg (e/e) mice lacked g-subunit transcripts, whereas a-, g e -and e-subunit transcript levels seemed normal at birth (Fig 1E, lane 3) . During postnatal development between P3 and P30 (Fig 1E, lanes 4-7) , g e -subunit transcript levels declined continuously and became undetectable at P30, demonstrating an AChR g-subunit genedirected regulation of the targeted allele (Witzemann et al, 1987) . The a-and e-subunit transcript levels ( Fig 1E, lanes 3-7) changed with development like the corresponding transcript levels in wild type. Thus, during fetal and neonatal development, mutant mice express exclusively AChR channels composed of a 2 -, b-, g e -and d-subunits. These are replaced postnatally by adult-type AChR composed of a 2 -, b-, e-and d-subunits by the same developmental time course as the fetal-type AChR in wild-type mice (for a review, see Schuetze & Role, 1987; Witzemann et al, 1987) .
Single-channel currents recorded in the presence of 0.1-0.5 mM ACh from P2 foot muscle end-plates showed that mutant mice express only a single class of end-plate channels (Fig 1F) with a mean open duration of 2.570.5 ms (n ¼ 5), resembling adult-type end-plate channels . During the postnatal second week, mutant mice continue to express a single class of adult muscle-like channels. Single-channel current-voltage relationships indicated that the conductance of mutant end-plate channels in the neonatal muscle was 6179 pS (Fig 1G) , identical to that of the adult-type AChR channel (6273 pS; Witzemann et al, 1987) . Wild-type mice during this time express both a fetal (mean open duration 7.971.2 ms; n ¼ 10) and an adult muscle class of end-plate channels (n ¼ 5; Mishina et al, 1986; Witzemann et al, 1987) . Hence, during their entire lifespan, the AChRg (e/e) mice exclusively express AChR with the functional properties of the adult-type end-plate channel.
The presence of the fetal-type AChR could be a key signal for the formation of end-plates in embryonic muscle. The replacement of the fetal-type AChR by the adult-type AChR could, in this case, affect the distribution of end-plates within a characteristic 'band' of end-plates, which is most pronounced in the diaphragm. Indeed, in AChRg (e/e) mice, the innervation pattern of the diaphragm is markedly altered. The pattern seemed disordered and end-plates are scattered over a much wider territory in comparison to the wild type, where the distribution of end-plates fluctuates only a little along the dorsoventral axis of the diaphragm. To quantify the differences in end-plate distribution, we analysed the corresponding segments of diaphragms stained for acetylcholinesterase (Koelle & Friedenwald, 1949) in mutant and wild-type animals at P6 and P118 (segment 4; Fig 2A) . The lateral distance of end-plates from the central tendinous segment of the muscle fibre was measured in each muscle fibre and then averaged over segments of 100 mm width. In mutant animals at P6 (Fig 2B) , synapses were more scattered than in the wild type ( Fig 2C) . When fitted with a single gaussian, the means of half-maximum width of the distribution measured in mutant muscle at P6 (mean7s.d. of three muscles (1,566 synapses): 1,000 2,000 3,000 µm µm 2,000 4,000 6,000 µm 2,000 4,000 6,000
Fig 2 | Scattering of end-plate locations in diaphragm muscle. (A) Segments of diaphragm that were compared at P6 and in adult animals. The locations of end-plates in the boxed portion of the diaphragm were measured in AChE-stained muscle as the distance from the tendinous muscle insertion using IP lab (Scanalytics). Data were copied to Excel and the distribution was calculated using Igor (WaveMetrics (Fig 2D) examined at the age of P118, the scatter of end-plates was also larger than in wild-type mice (Fig 2E) . The much broader territory containing mutant end-plates (mean of three muscles (P118-P120) (1,778 synapses): 1,189.77793.6 mm) was reflected by the same E2.2-fold increase of the half-maximum width of a gaussian fitted to their distribution and compared with wild-type muscle (mean of three muscles (P118-P120) (1,517 synapses): 530.37717.33 mm). This observation indicated that the large changes in synaptic patterning present shortly after birth (P6) persist in the adult muscle. The broadening of the end-plate zone is observed throughout the entire diaphragm muscle and is not restricted to selected segments (see also Fig 3) . In one muscle at P6, the distribution of end-plates in segment 4 was fitted better by the sum of two gaussians, an observation that might reflect the increased splitting of the phrenic nerve (supplementary Fig 1A online) .
To examine how the branching pattern of the diaphragm's motor nerve (nervus phrenicus) and the structure of individual nerve terminals of motoneurons were affected, segments (Fig 3A) of mutant and wild-type diaphragm from P6 and P70 mice were AChR subtype directed innervation M. Koenen et al labelled with antibodies directed against neurofilament 150 kDa that specifically labels nerve fibres, and simultaneously with rhodamine-labelled a-Bungarotoxin (r-bgt) that specifically stains end-plates. In AChRg (e/e) mice at P6, the main nerve trunk of the phrenic nerve splits after its entry into the diaphragm into many more branches than in wild-type mice (Fig 3B,C) . Corresponding to the changes observed with AChE staining, the AChR distribution apparent in r-bgt-labelled muscles at P6 showed a pattern with end-plates scattered over a much wider territory compared with the wild type (Fig 3D,E) . At P70, the territory innervated by the highly branched phrenic nerve was still enlarged (Fig 3F,G) and the distribution of synapses in the end-plate band remained wide (Fig 3H,I ). These results suggest that, in AChRg (e/e) mice, a specific developmental mechanism is lacking or compromised that is required to establish neuromuscular synapses in the central portion of myofibres early during development. Further, the disordered innervation pattern is not rescued later in the adult muscle. In this context, AChR-type-dependent voltage changes at the nascent end-plate might be a factor that regulates convergence of postsynaptic AChR clusters and ingrowing motor nerve. Quantitative fluorescence measurements of r-bgt-labelled endplate AChR showed no significant changes of mutant and wild-type AChR densities (supplementary Fig 1B-D online) .
To assess whether the cellular and subcellular architectures of nerve terminals and muscle end-plates were altered in AChRg (e/e) animals, diaphragm muscle was doubly labelled with r-bgt and antibodies directed against neurofilament 150 kDa. Confocal microscopy showed that, independent of their localization, nerve terminals and end-plates appear similar in AChRg (e/e) mutant and wild-type mice (Fig 4A,B) . Dual stain with r-bgt and antisynaptophysin antibodies perfectly superimposed and AChRs are apposed to nerve terminals in mutant as in wild-type mice (Fig 4C,D) . Consistently, the distribution of agrin (McMahan, 1990 ) is unaltered (supplementary Fig 1E online) and the postsynaptic aggregating protein MuSK (Gautam et al, 1995; DeChiara et al, 1996; Sanes & Lichtman, 2001 ) seemed comparable in cross-sections through soleus muscle of mutant and wild-type mice (Fig 4E,F) . These results indicate that mutant neuromuscular synapses, although distributed differently in the innervation zone, are the same as wild type.
Muscle morphology of mutant mice, analysed by comparing haematoxylin/eosin-stained cross-sections through soleus muscle from mutant and wild-type mice at P70, showed no differences in size, density and number of fibres (supplementary Fig 1F online) , indicating that localization of end-plates in the central innervation zone is not essential for the development of contractile muscle. Mutant end-plates act properly outside the narrow and central endplate band present in wild type, and did not show differences in secondary postsynaptic folds (supplementary Fig 1G online) . Mutant animals have the same ability to maintain balance and locomotor coordination as their wild-type littermates (data not shown).
Thus, in AChRg (e/e) mice, myoblasts differentiate into muscle fibres as in wild-type mice, demonstrating that the AChR g-subunit and, consequently, fetal-type AChRs are not required for terminal differentiation into contractile muscle (Takahashi et al, 2002) . The molecular architecture of the junctions is indistinguishable between wild-type and mutant mice, and the main difference is their altered distribution and the disordered pattern of innervation by the motor nerve.
DISCUSSION
It has been shown that pre-patterning of AChRs is a process that is intrinsic to muscle and independent of agrin, neuregulin, and even independent of innervation (Arber et al, 1999; Yang et al, 2000 Yang et al, , 2001 Lin et al, 2001) . Furthermore, the phenotype of choline acetyltransferase (ChAT)-deficient mouse embryos suggested that 
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ACh release from the motor nerve is required to restrict axon growth, to generate functional neuromuscular synapses and to establish the characteristic central end-plate band (Misgeld et al, 2002; Brandon et al, 2003) . However, whether presynaptically released ACh or postsynaptic induced AChR-dependent current is the signal that determines the site at which a synapse is formed remains unknown. The broadening of the central end-plate band in aneural muscle (Lin et al, 2001; Yang et al, 2001) and in the muscle of ChAT-null mice (Misgeld et al, 2002; Brandon et al, 2003) suggests that transmitter release is a signal that may determine the size of a muscle territory susceptible to innervation. Alternatively, postsynaptic AChR channel activity induced by ACh released from growing nerve terminals (Young & Poo, 1983 ) might promote precise target recognition and control the size of the region where the end-plate band is formed. In the latter case, genetic manipulations that alter AChR properties should modify the fraction of the muscle surface covered by end-plates.
Our results clearly show that patterning of end-plates in a central 'innervation band' of the diaphragm is dependent on the expression of fetal-type AChR channels during embryonic development. Substitution of the normally expressed g-subunit by the g e -subunit caused expression of adult-type AChR channels (a 2 bg e d) with much shorter (three-to fivefold) mean open time, however, with larger (1.5-fold) conductance and increased Ca 2 þ permeability (Sakmann & Brenner, 1978; . The differences in conductance and gating between fetaland adult-type end-plate channels are expected to decrease the charge transfer during the end-plate potential, at very early stages of innervation. It has been suggested that the long durations of currents mediated by fetal-type AChR are essential for spontaneous muscle activity (Jaramillo et al, 1988) , which may be required for AChR cluster stabilization at a particular site. How substitution of fetal-type AChR by adult-type AChR activity is converted into an altered distribution of neuromuscular synapses remains to be determined. We show that synapse distribution is coupled to the size and duration of currents and determined by the subunit composition of postsynaptic AChRs. Due to the size and duration of end-plate currents evoked at nascent synapses, fetaltype AChR may induce Ca 2 þ influx through voltage-dependent Ca 2 þ channels and thereby promote the structural organization of the central and narrow end-plate band. In the case of adult-type AChRs, however, specified by their much shorter mean open time, this Ca 2 þ influx might be reduced to a lower level interfering with an orderly establishment and the stabilization of initial nervemuscle contacts. Thus, AChR subtype-controlled submembranous Ca 2 þ levels could be a determinant for the branching pattern of motor nerves in the available muscle territory and determine the size of the muscle surface covered by end-plates.
In the developing postnatal central nervous system (CNS), changes in subunit composition of the NMDAR and GABAR channels are thought to be essential for their accumulation and localization (Monyer et al, 1994; Essrich et al, 1998) . Possibly, in an analogy to the muscle innervation, the subunit composition of these receptors may contribute to specify the detailed innervation pattern in CNS circuits.
METHODS
Reverse transcription-PCR analysis. AChR g-, mutant g e -, eand a-subunit expression were assayed by amplification of reverse-transcribed total RNA isolated from normal and mutant skeletal muscle using Hot Star Taq Polymerase (Qiagen, Hilden, Germany). RT-PCR products were obtained after 15 min at 94 1C, followed by 30 cycles of a 'touchdown' PCR with 45 s at 94 1C, 45 s annealing at 57 1C (e,g e ) or 67 1C (a,g), and a 130 s synthesis step at 72 1C. The annealing temperature decreased by 0.25 1C every cycle to the 'touchdown' annealing temperature of 49.5 1C (eg e ) or 59.5 1C (ag amplification was finished by a 10 min step at 72 1C). Primers in 5 0 to 3 0 orientation are as follows: g: forward GATGCGAAACTACGACCCC; reverse AGGAGGAGCG GAAGATGG; g e : forward GGTGCGACTATCGCCTGCGC; reverse AGATGAACTCCACCTCCT; e: forward GATTGGCATTGACTGGC
